Low-valent titanium prepared by the reduction of TiCl3 with zinc dust oxidatively adds to a-ketoam ides or a-ketoesters with the formation of the corresponding titanium enediolates. These 1,2-difunctional nucleophiles, which have hardly been used in organic synthesis so far, undergo regioselective intramolecular aldol condensation reactions with various electrophiles such as aldehydes, ketones, nitriles, esters and amides. This methodology allows the synthesis of differently substituted coumarin and 2-quinolone derivatives.
Low-valent titanium [Ti] prepared by the re duction of TiClv (x = 3, 4) with various reducing agents is a versatile tool for organic synthesis. Due to its high oxophilicity and electron transfer ability it prom otes i.a. the reductive coupling of alde hydes or ketones to olefins, generally referred to as "McMurry reaction" [1] , A pronounced tem plate effect of the titanium species makes the cyclization of dicarbonyl compounds particularly favourable and allows the form ation of cycloalkenes independent of the ring size. These spe cific features are responsible for the widespread applications of this reaction in the synthesis of natural and non-natural products [1] .
Its most im portant short-coming, however, stems from the limitation to aldehydes and ketones as essentially the only substrates that undergo such reductive C -C bond formations [1] . Only recently we have been able to extend the scope of titanium -prom oted processes beyond these traditional starting materials. Intramolecular alkylidenations of esters or amides as depicted in Scheme 1 give a ready access to the furan, pyrrole, benzo [b] furan and indole series [2] [3] [4] . In pursuing this concept, we now describe a com plem entary approach to six-membered heterocycles based upon the oxidative addition of low-valent titanium to 1,2-dicarbonyl compounds.
Results and Discussion
It is well established that activated titanium [Ti] readily deoxygenates acyloin derivatives most likely via the respective titanium enolates [2a, 5] , Although early attem pts to trap these interm edi ates had failed [5] , we were able to intercept one of them in an entropically favoured intram olecular way leading to the form ation of the 4-quinolone 2 from substrate 1 (Scheme 2) [4] . Although the reactivity of 1,2-dicarbonyl com pounds might by closely tied to that of acyloins titanium-mediated transform ations of this group of substrates have been even less studied. There is some precedence in the literature that they afford the respective enediolates upon treatm ent with low-valent metals (Scheme 3). As early as 1972.
Floriani et al. reported a successful oxidative ad dition of Cp2Ti(C O )2 to 9,10-phenanthrenequinone [6] . Schobert et al. have later on extended this chemistry to other vicinal diketones and deriva tives thereof using "reactive titanocene" (formed by reduction of Cp2TiCl2 with Mg) as the reagent. The 1,2-difunctional nucleophiles thus obtained were trapped with strong electrophiles such as H +, phosgene, PhBCl2, PhPCl2 and acid chlorides [7] . Similarly, a-ketoesters have been used in lowvalent titanium -m ediated aldol reactions [8] .
Schem e 3.
We intended to devise intramolecular versions of such reactions (Scheme 3). Being entropically biased, they might allow to intercept the titanium enediolates with less reactive electrophilic groups such as aldehydes, ketones, esters, amides or nitriles.
A set of suitable substrates 4 a -k and 6a, b was prepared by the acylation of commercially available compounds 3 and 5 with different a-ketoacid chlorides [9] under standard conditions (Scheme 4, Table II ). In case of X = O only m oder ate yields have been obtained because of the low nucleophilicity of the phenolic -O H and of partial hydrolysis of the esters 4 i, j and 6 a during flash chromatography.
In a previous study [3] we reported the cyclization of substrate 4a to the simple indole alkaloid salvadoricine 7 in 60% yield as the only product that could be isolated from the crude reaction mix ture (Scheme 5). The striking chemoselectivity of this transform ation in favour of the ketone-amide rather than the conventional k etone-ketone coupling process together with the complete resist ance of the carbonyl group of 7 to an excess of the titanium reagent used are without precedence in the literature.
This result, however, turned out to be an excep tion to the rule, since all other substrates of this series followed a different pathway as can be seen from the data compiled in Table I 2-quinolone derivatives 8 b -f in good yields (Scheme 6). Indoles were not observed, except in the case of substrate 4 c where a minute amount of 2-benzoyl-3-methylindole ( -5% ) accompanied the formation of quinolone 8 c. Similarly, esters 4 i, j afforded the corresponding 3,4-disubstituted coumarins 8i, j without incident (Scheme 6). Entries 6, 7, 10-13 in Table I comprise those cases in which we tried to intercept the interm edi ate enediolates with electrophilic groups other than an aldehyde or a ketone. An adjacent ester or a carboxylic acid amide group were only partly suitable for this purpose. Com pound 4g gave a 
Together with 2-benzoyl-3-methylindole (-5%).
mixture of the desired 4-hydroxy-2-quinolone 10 together with substantial amounts of the uncyclized deoxygenation product 11 [10] . U nder the same conditions the phenylglyoxylate 4 k was cleaved to the parent methyl 2-hydroxybenzoate 3 k. A nitrile group, however, turned out to be suit able to trap the titanium enediolates, since com pounds 6a, b gave the 4-amino-substituted deriva tives 12 a, b in reasonable to good yields (Table I . entries 11-13). Remarkably, the results obtained proved to be highly dependent on the type of low-valent tita nium [Ti] used. While in the salvadoricine syn thesis titanium-graphite prepared by the reduction of TiCl3 with potassium-graphite laminate (C8K) [11] turned out to be suited best, this reagent failed to cyclize substrate 4 c but led to the simple reduction of the a-ketoam ide group (Scheme 7). The formation of compound 9 may be explained via the protonation of an interm ediate titanium enediolate during work-up. Ammonium ion stabi lized titanium clusters obtained from TiCl4/ K (B Et3H) [12] gave the same product. TiCl3 itself, which has previously been employed to mediate pinacol cross-coupling reactions of methyl phenylglyoxylate with aldehydes and ketones [13] . also afforded 9 in comparable yield. In contrast, the titanium species prepared from TiCl3 and zinc dust either prior to the addition of the substrate (method A) [14] or in its presence (m ethod B) [4] prom oted the desired condensation reactions and have therefore been used throughout this study. These results highlight the empirical state of the art of low-valent titanium chemistry, where subtle changes in the reagent preparation may have great impact for the outcome of the reaction [1] , In view of the lack of reliable information on the actual nature of such "low-valent" titanium species an ac curate interpretation of these results on a m orpho logical basis is presently impossible [15] .
Applications of these titanium -mediated reac tions to the synthesis of heterocyclic natural prod ucts and of pharmacologically active compounds are in progress.
Experimental
All reactions were carried out in pre-dried glass ware under argon using Schlenk techniques. Melt ing points were recorded on a Gallenkamp appa ratus and are uncorrected. 
Representative procedure fo r acylation reactions with 2-ketoacid chlorides
Phenylglyoxylic acid chloride (0.80 g, 4.74 mmol) [9] in CH2C12 (5 ml) was added dropwise to a solu tion of 2-hydroxybenzonitrile (0.50 g, 4.20 mmol) and a catalytic am ount of 4-dimethylaminopyridine (ca. 50 mg) in C H 2C12 (25 ml). The mixture was stirred at am bient tem perature for 4 h, quenched with a saturated aqueous solution of N a H C 0 3, the aqueous layer was extracted twice with C H 2C12 (50 ml each), the combined organic phases were dried over Na2S 0 4, the solvent was evaporated and the residue was purified by flash chromatography with hexane/ethyl acetate (gra dient 10/1 -> 4/1) as eluent. All other a-ketoesters and a-ketoam ides were prepared analogously. For yields, analytical and spectroscopic data see Table II .
General procedure fo r the form ation o f 2-quinolones and coumarins M ethod A: A suspension of TiCl3 (771 mg, 5.0 mmol) and zinc dust (653 mg, 10.0 mmol) in anhydrous TH F (50 ml) was refluxed under A r for 4 h. A fter a solution of the respective substrate (2.5 mmol) in TH F (10 ml) was added rapidly to the boiling black mixture of the active titanium reagent, reflux was continued until TLC showed the complete conversion of the starting material. The reaction mixture was then allowed to cool to ambient tem perature, filtered through a short pad of silica, the insoluble residue was washed with THF (-30 ml) and ethyl acetate ( -50 ml) in several portions, the combined filtrates were evap orated and the residue chrom atographed with hexane/ethyl acetate in various proportions. For the yields obtained and the reaction times see Table I . The analytical and spectroscopic data of the products (cf. 
